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l. Foreword

The Raman-induced Kerr Effect, developed at U.S.C. and
the subject of this project, is a new form of laser spectroscopy
which is beginning to find wide application as a remote diagnos-
tic sensor of fast (picosecond to nanosecond) transient shocks,

explosions, and plasma arcs.
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l., Objectives

This project aims to explore the capabilities of a new
laser-spectroscopic technique devised in this laboratory, by
both experimental and theoretical investigations. The tech-
nigue is based on monitoring the changes in optical Kerr
effect which occur when the frequencies of the two ("pump”
and "pulse”) beams differ by the frequency of an excitation
in the medium.12 Hence, we have called the technique "Raman-
induced Kerr effect" or RIKE. One special capability of RIKE
which we have demonstrated is the ability to record an entire
Raman spectrum of a liquid in a few nanoseconds (--10_8 sec),

a spectrum which takes minutes to record in a standard Raman

spectrometer.

2. Main accomplishments (7/15/76 to 7/14/79)

The main accomplishments of this project have been reported
in the five previous reports submitted on this project.

The first year was devoted to equipment building and to
extensive pulse RIKE measurements on liquids at small frequency
shifts which yielded anomolous and scattered results which were
apparently due to uncontrollable electrostrictive effects.
Time-delayed RIKE measurements with 80 psc pulses in glycerol

failed to reveal the delayed effect which was anticipated to
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exist if the induced molecular alignment decayed with time
constant (~500psc) associated with the high viscosity of the
liquid. (See the first annual report for details.)

An initial aim of this project was to explore RIKE as a
diagnostic tool for very fast transient media such as explosions,
sparks, and plasma arcs.3 Since we had no special equipment for
producing these transient media, we had hoped to achieve these

studies in collaboration with other labs. To this end we have

initiated collaboration with Dr. Nicole Peacock of Culham
| Labo}atory. England, who operates a Z-pinch plasma machine of
% appropriate parameters. He also has access to a ten joule
} v Nd: glass laser a part of whose beam pumps a tunable dye laser.
§ These lasers, according to theory done on this project, should
f produce observable RIKE in the plasma. From the shape of the
§ RIKE spectrum we expect to be able to deduce the plasma density
? and the electron and ion temperatures as a function of time, as
| the plasma evolves. Mr. Richard Kirk, a graduate student at
g Royal Holloway College, is working under Peacock's supervision
on this project. Mr. Kirk hopes to submit the results in partial
fulfillment with requirements for a Ph.D. degree.
A second collaboration is underway with Professor Benjamin
Lax at the National Magnet Laboratory (M.I.T.) to diagnose the

plasma produced by the ALCATOR plasma machine there.




A third collaboration was begun with Dr. Charles Christoe
of the Army Ordinance Research Laboratory at Picatinny, N.J.

Dr. Christoe visited and worked in our U.S.C. laboratory from
September '77 to January '78 with the intention of reproducing
our RIKE apparatus in his laboratory where he could study chemi-
cal explosions in existing apparatus there. Unfortunately,

his laboratory was phased out before his efforts could come to
fruition.

An extension of RIKE spectroscopy to optical waveguides
was conceived and studied theoretically. This should enable
study of sub-microliter samples, i.e., much smaller samples than
are required for free-beam spectroscopy. This work is included
in a publication,4 a reprint of';hich is included here as an
Appendix.

While our own experimental studies attempting to obtain com-
plete spectra with single nanosecond (or picosecond) laser
pulses have not yet succeeded in highly transient media, experi-
ments elsewhere in the U.S.C. Quantum Electronics Laboratory
have succeeded in developing RIKE to equal or excell the sensi-
tivity of all other laser-Raman techniques (CARS, stimulated
gain spectroscopy, etc.) for detecting low densities of molecules

3,6 Similar

in vapor or solution in the quiescent state.
applications of RIKE have been inaugurated at other laboratories.
In summary, we feel that the contributions of this project to

the new form of laser spectroscopy called Raman-induced Kerr

effect (RIKE) will be.
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Optically Heterodyned Coherent Raman Spectroscopy

GARY L. EESLEY, M. D. LEVENSON, ann WILLIAM M. TOLLES

Abstract~A convenient variation of Raman-induced Kerr effect spec-
troscopy (RIKES) which overcomes many of the previous limitations of
coherent Raman sp opy is introduced. Quantum limited signal-
to-noise ralios may be approached by the use of optical heterodyne
detection (OHD). Detector current, lineasly proportional and phase
sensitive to the third-order nonlinear susceptibility, and linearly propor-
tional to the Raman scattering cross section, is produced. Heterodyne
detection in coherent Raman spectroscopy enables the detection of
weak Raman signals that would otherwise be obscured by noise result-
ing from background sources.

HE spectroscopic applications of a number of four-photon

parametric mixing processes have recently drawn wide-
spread attention. The main advantage of these techniques for
Raman spectroscopy lies in the fact that the signals detected
are orders of magnitude stronger than those found by sponta-
neous scattering and that the Raman spectrum can then be ob-
tained even in the presence of strong luminescent backgrounds.
The improved signal levels obtained do not, however, directly
translate into noise-free spectra. The spectroscopic informa-
tion obtained by all of the present techniques of coherent

Raman spectroscopy is degraded by the presence of noise re- -

sulting from processes generally unimportant in spontaneous
scattering. In particular, coherent anti-Stokes Raman spec-
troscopy (CARS) is sensitive to noise resulting from fluctua-
tions in the power and mode structure of the input lasers. A
nonresonant signal is always produced by the CARS four-
photon interaction, and variations in this background signal
easily obscure structures due to weak Raman modes [1].
Other techniques which suppress this background either intro-
duce other signals equally as troublesome or unacceptably
suppress the desired Raman signals. Successful application of
all of these techniques requires a considerable level of experi-
mental sophistication [2] .

We report here a convenient new variation of Raman-induced
Kerr effect spectroscopy (RIKES) which overcomes many of
the previous limitations of RIKES and the other forms of
coherent Raman spectroscopy [3], [4]. Large improvements
in the signal-to-noise ratio result from the use of optical

Manuscript received May 11, 1977; revised August 22, 1977. This
wotk was suppotted by the Nntioml Science Foundation and the Joint
Services Electronics Program.

C. L. Eesley is with the Department of Electrical Engineering, Univer-
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W. M. Tolles is with the Department of Physics and Chemistry, Naval
Postgzaduate School, Monterey, CA 93940.

heterodyne detection (OHD) to extract electrical signals lin-
early proportional to the nonlinear susceptibility and linearly
proportional to the spontaneous Raman cross section. The
stability requirements upon the input lasers are reduced, and
background levels are completely suppressed far from resonance
conditions. The application of heterodyne detection trans-
forms the RIKE into a practical tool for the detection of weak
Raman modes of luminescent samples,

In the RIKE, a circularly or linearly polarized pump laser at

" w, induces an intensity-dependent birefringence in a2 Raman

active sample. This birefringence alters the state of polariza-
tion of a second probe wave at w,. These phenomena can be
described in terms of a third-order nonlinear optical suscep-
tibility which shows dispersive and resonant behavior when
w, - w, approaches the frequency of a Raman mode.

If the probe wave is initially linearly polarized in the x direc-
tion, the effect of the birefringence is to produce a component
polarized in the y direction
2411’“0;[,"

Eg(w;) = Ey(w,) = orta

X~ ws, @y, Wy, W)E(w@))ES W) Ex(w)). m

In (1), Ex(w,) and Ef(w,) are the complex amplitudes of the
x and ¥ components of the pump wave, E,(w,) is the probe
wave amplitude, n, is the refractive index at wj, and Iy is
the effective interaction length of the two beams. For a pump
beam linearly polarized at 45° in the xy plane, Fy(w,) =
*E,(w)) and the effective nonlinear susceptibility is

x(:[)f xgz)n(Quszl- wl'wi)*x lzl( W, Wy, (J],(O’)

= {27 + 2B(0) + B(w; - wy) + 24(wy - wy)H24 (2) .

while for a circularly polarized pump E,(w,) = %iE),(w,) and
X% = {Xml( W1, Wy, "Wy, W)
:m( Wy, Wy, - Wy, W)}
= {B(w, - wy) - 24(w, - wi)}/24. 3)

In (2) and (3), A(Aw) and B(Aw) are the complex nuclear
response functions which can be related to the cross sections
for polarized and depolarized Raman scattering o, and o, at
frequency shift Aw (3]

- nc* d? (la N
oy |d ddw \2 %= " %

(exp" T - 1) , )

Im A(Aw)

0018-9197/78/0100-0045500.75 ® 1978 IEEE

- — . ; . 3 i ™ R R " . .

oIt i A o




) ;g * LIEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. QE-14, NO. 1, JANUARY . 1978

‘ ’ . . . P
®C d’oy, kT tion plate can be inserted in the probe beam to create a local
Im B(3w) = 7S Goaas lexp™ T -, (5)  ascillator 90° out of phase with £(w:). If Epo = ink(ws),
The parameter y describes the intrinsic electronic nonlinearity H =192 neoyl M-L(;‘_’!.) Im {x(e,l)f (8)
P

which gives rise to the background signals in CARS, while
B(0) reitects orientational contributions to the nonlinear
susceptibility.

Ordinazily, the intensity of the y polanted component of
the RIKES output [ = (n,c/Su)[E,.(wz) is detected photo-
graphically or photoelectrically. When a circularly polarized
pump is used, this intensity only appears as the result of
Raman resonances. The intensity can be quite large; however,
it is proportional to the square of the Raman scattering cross
section and therefore weak modes are disproportionately more
difficult to detect. Moreover, static birefringence in the sample
and optics will produce a spurious background intensity in the
signal polasization condition. As in the case of CARS, noise
resulting from fluctuations in laser intensity can cause changes
in the background level which mask weak Raman modes. Op-
tical means can be employed to eliminate the depolarized
componant due to birefringence that is uniform over the area
of the probe beam [5). Other effects, particularly small non-
uniform strain fields and forward scattering, lead to a residual
background intensity /g which adds incoherently to the inten-
sity due 10 the RIKES interaction. The total intensity in the
detect2d polarization is then Jr = Ig + 5.

In our heterodyne detection technique, a local oscillator
field £, o(w.) polarized in the y direction is purposely inserted
at the cdetector. The local oscillator field adds coherently to
the RIKES field producing a total intensity at the detector

nsC
Y ke |ELo + Exf* +1s
sl tlp+ly + o (ERE, o * E2oER) ©)
LO " ‘B "R 8w LO LO®™R):

If 1,0 >>1g, the cross term H = —(ERELO +EroER) is

larger than the former RIKES intensity; it is also linear in the
scattering cross section. The heterodyne term H can be ex-
tracted electronically from the other contributions to the
total intensity at the detector. Spectra which plot the magni-
tude of H as a function of w; - w4 should show reduced noise
levels in comparison with spectra taken by more conventional
CARS or RIKES techniques.

The relative phase of the RIKE and local oscillator field is an
important parameter in describing the spectrum. Equation (1)
relates the phase of £,(w,) to that of the probe wave E;(w,).
If the local oscillator field at the detector is in phase with
the probe wave E; o = nEx(w;), and the pump is circularly
polarized,

H = 1928wyl g [(_“;ll%'{;gf’ﬁt) Re {x}}. ©)

This situation can be obtained by rotating the analyzer which
defines the detected polarization away from the y axis. If @ is
the angle of rotation n =sin 0 = 8. Altematively, a retarda-

and the heterodyne detected signal raproduces the sponta-
neous scattering spectrum. For an isolated Lorentzian Raman
mode, H=2(IrlLo)"* in this polarization condition. If the
pump beam is linearly polarized at 45° in the xy plane, (7) and
(8) interchange.

A formal signal-to-noise analysis begins with an expres.
sion for the detector current produced by the illuminating
intensities [6]

=6 22 11,50) +150) + 1) + HO. ©
w2

The detector gain, area, and quantum efficiency are denoted
respectively by G, A, and g. The photon energy isRw;,and e
is the electronic charge.

The dominant signal current produced by the OHD tech-
nique is given by the last term of (9):

34 - HO) (10)

IH(I) G
where the time dependence of / results from the panicul:-u'
time dependence of the pump and probe laser intensities as
seen in (7) and (8). The mean-square signal current is given by

T = ["eAG ]D,, T

hw,

where Dy tepresents an effective signal “*duty-factor’ resulting
from a particular signal processing scheme.

If the signal processing electronics integrates the signal cur-
sent over an aperture time 7. and if the time response of the
current iz (r) has a maximum at ¢ = 0, then

)

| (T2

Du=+ (i (OWin(0))? dt. 12)
-7(2

Minimum electrical noise is generated in such a process by

maintaining an electronic bandwidth-aperture-time product of

unity; i.e.,
AvT=1

where Ap is the bandwidth of the processing system. It is also
advantageous to match the aperture time to laser pulselengths
if a pulsed system is used.

The system noise currents arise from three basic sources: 1)
shot-noise fluctuations; 2) thermal noise of the detector load;
and 3) noise arising from classical laser power fluctuations.
The shot noise which results from the quantized nature of de-
tection is given by the mean-square current

2y o R qeA
(1) = 2¢G? [a, + m (Lo + Ia)p,]Au (13)

where ig is the detector dark current and Dy is defined analo-

i
i
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gousiv to (12), except that the normalized current response to
I of1) + Ig(t) is substituted.
The thermal noise resulting from the detector load is given by

G = (kT /R)AY (14)

whar2 R is the load resistance and T, is the “effective’” temper-
atu:2 of the load, which accounts for noise generated in the
processing electronics as well.

To account for classical fluctuations of the pump laser, we
define the mean-square deviation of the pump laser power in
bandwidth Av as €,, giving the mean-square noise current

(15)

The noise due to power fluctuations in the probe and local os-
cillator arising fromn 2 mean-square deviation of €, in band-
width Avis

G =€, idp.

2
h=e {c 24 1o+ IB)] De (16)
Rew,

where as noted before we have assumed E; o(w;) >> Ep(w,) =

Ey(w; ).
The total signal-to-noise power ratio at the detector output is
s GiEp

== . 17

N QDD R 07
Equation (17) can b2 expressed in a relatively simple form
when H = 2(Igl,0)"? and the thermal noise and detector dark
current can be ignored. In terms of the optical intensities at
the detector, the signal-to-noise ratio is then

47

RIKES technique will prove inferior to stimulated Rzman gain
spectroscopy. Similardy, when (20) indicates [ o < ~100 /5,
intensity-detected RIKES will be necessary in order to obtain
an undistorted lineshape.

The maximum signal-tosioise ratio predicted by (20) is

S 4lp Dy

ﬁ N Gz[BDF(.’V +2(V + l)‘/! +2) +4€,lpDy ) (21)
For N >> 10 only the term linear in N need be 1etained:

S 41xD

2>, RZH (22)

N 2hw,DsAvlq + 4EIIRDH.

This corresponds to the case where probe fluctuations are an
unimportant noise source in comparison to shot noise and
pump laser fluctuations.

In the limit that both the probe and pump fluctuations are
negligible,

N € = 0 h(.\.)’AV Ds
1%d )

(23)

the quantum limit. Note that while the signal for OHD-RIKES
is proportional to £,(w,) and thus linear in Raman cross sec-
tion, the signal-to-noise ratio remains quadratic in cross sec-
tion. Spontaneous scattering gives both a signal and a signal-
to-noise power ratio linear in Raman cross section under similar
conditions.

In contrast, the signal-to-noise ratio for intensity-detected
RIKES is :

N &DplplNUrolls + 1)+ (Lolls + 1] + 46, Dylpliolls

where the parameter

= anzDsAV

19
€2qAIlgDp (19

descnbes the relative importance of the quantum and classical
noise sources. The local oscillator power which maximizes this
signal-to-noise ratio depends upon the parameter V as

Ieo=Ig[l +N)V2, (20)

If the probe laser fluctuations are large enough such that
€; D> 2AvNw,[qAlg, then the optimum local oscillator
power will be equal to the power reaching the detector due to
residual system birefringence /g. However, for a well-stabilized
probe, (20) suggests the use of a large local oscillator field. In
the limit of perfect stabilization, (20) implies that the local os-
cillator should be as strong as the probe. In that case, the am-
plification of the local oscillator due to stimulated Raman gain
makes as large a contribution to the detected signal as the RIKE
itself. This amplification of the local oscillator can result in a
distorted lineshape. Distorted lineshapes also result when the
heterodyne signal is comparable to the ordinary RIKES signal.
The range of local oscillator intensities within which the line-
shapes are not distorted by such interference phenomena is
In <<[Ip0 << Ix(ws). Whenever (20) indicates an optimal
local oscillator > ~0.01 /y(w;), the heterudyne-detected

(18)

S I
N eI3{N[irllg + 1) + lpllg + 17} + €31}

where dark current shot noise and thermal noise have heen
neglected and all duty factors have been set equal to ore. The
second term in the denominator results from pump laser fluc-
tuations with 3 being the mean-square deviation of /2(w, ). In
the limit of negligible probe and pump fluctuations, this ratio
bscomes

S qAlp | Ip {1
N €3 0 2»(0)1 IR + IB Al’.
€;>0

(24)

(25)

Comparison of this quantum-imited ratio to the heterodyne
ratio in (23) reveals that intensity detection gives a signal-to-
noise ratio at least four times smaller than heterodyne detec-
tion. Only when the intensity fluctuations in the pump laser
constitute the dominant noise source does intensity detection
give signal-to-noise ratios comparable to heterodyne dstection.
This situation occurs in practice only when the RIKES signal
is relatively large; for weak signals, heterodyne detection
always yields significant advantages.

The initial demonstrations of heterodyne RIKES were
performed with pulsed lasers and described in {7] and {8].
More recent work has been completed using the hybrid CW

" el . e L _ . o
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Fig 1. Optically heterodyned RIKE spectrometer.

probe and pulsed pump laser system shown in Fig. 1. The
probe laser is a 0.5-W argon-ion laser, running single mode with
approximately 0.5 percent rms intensity fluctuations. The
pump laser is a nitrogen pumped tunable dye laser with a peak
power of 40kW in an 8-ns pulsewidth. The detector is a photo-
multiplier tube with 2 gain of 100 and quantum efficiency of
10 percent (5145 A), followed by an electronic wide-band
amplifier (100 MHz), boxcar integrator, and chart recorder.
The heterodyne signals appear on the detector output with
length equal to the pulsewidth of the nitrogen laser pumped
dye laser. Such pulses are easily separated from the low-
frequency noise characteristic of the ion laser with the high-

" pass filter amplifier and the resulting signal averaged using the

gated integrator. A strained glass window is inserted in the
probe beam to provide a phase-shifted local oscillator, while
an unshifted local oscillator is generated by rotating the glan
prism polarizer.

Typical data for heterodyne as well as ordinary RIKES is
shown in Fig. 2. The voltage signal-to-noise improvement
provided by heterodyning is approximately a factor of 4. The
dominant noise source in these experiments was RF pickup
from the nitrogen laser. Improvements in equipment shielding
will increase the heterodyne signal-to-noise ratio. The calcu-

" lated detection limit of a similar system, utilizing a probe with

0.1 percent rms intensity fluctuations within a bandwidth of
100 MHz, is 0.00t M concentration of benzene in CCl,.
This represents at least one order of magnitude improvement
over present coherent Raman techniques [t]. QOur present
system falls short of this calculated detection limit by a factor
of 10 as a result of the 0.5 percent probe instability and RF
noise. However, the phase-sensitive detection and improved
signal-to-noise ratio are clearly demonstrated. The optical sys-
tera is much simpler than that required for CARS or ASTER-
ISK [9], and might form the basis for a simple coherent
Raman spectrometer.

The great amplitude stability of CW ion and dye lasers can
be exploited to improve the local oscillator stability. One
strategy would be to use CW lasers for both pump and probe,
and to modulate the amplitude or polarization of the pump
and detect the component of the signal at this modulation fre-
quency. In such a CW system, the duty factor would be 100
percent, and the detector bandwidth could be reduced to a
few hertz. A system employing a S000-A probe laser stabi-
lized to one part in 10* would be quantum noise limited if
IgA were 10°¢ W, otherwise the intensity fluctuations would

Lgignen OHD-RIKES
1.0
‘-
- n
N 0.3M No-Benzoote in H0

RIKES
|x,, +ixg|
T q -
1005cm 1005 cm
- luy~w)
@)
Lygont O.IM CHg in CCly
10¢
(N OHD-RIKES
L RIKES
’ Al
. k iy
- 992 em’’
b
L
)

Fig. 2. Relative signal intensitics derived from the 1005 cm ! mode of
0.3-M sodium benzoate in water, for OHD (heterodyne) as well as nor-
mal RIKES. The imaginary contribution has been selected j d jn the het-
erodyned spectra. (b) Signals derived from the 992 cm™ mode of
0.1-M benzene in carbon tetrachloride. Real contribution is displayed
in the heterodyned spectra. In both (a) and (b) the probe power was
0.5 W at 5145 A, and the pump power was 40 kW.

still dominate. Heterodyne detection markedly improves the
feasibility of CW RIKES.

It might also be noted that heterodyne detection can be em-
ployed to enhance CARS signals {10]. In this case, the non-
resonant background itself supplies the local oscillator, but the
frequency of one of the lasers must be modulated to facilitate
detection of the cross term. In many materials, the nonreso-
nant background is either too large or too small to give optimal
local oscillator power. The output from a second sample,
(preferably a material which lacks Raman modes, such as NaCl
or high-pressure argon), can be added coherently to that from
the Raman active material in order to optimize the local oscil-
lator power and facilitate heterodyne detection.

The value of heterodyne detection in coherent Raman spec-
troscopy is that it allows the detection of Raman signals that
would otherwise be buried in noise resulting from background
signals. Presently available laser sources allow the quantum
limit of detection sensitivity to be approached. It is particu-
larly convenient to apply heterodyne detection to RIKES be-
cause the frequency of the RIKES signal is equal to that of
one of the incident lasers. The resulting technique is both
powerful and convenient; it allows the real and imaginary part
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of the nonlinear susceptibility of the sample to be determined
separately. When the detected signal corresponds to the imagi-
nary part of the susceptibility, the OHD RIKES trace repro-
duces the spontaneous Raman scattering spectrum.
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